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ABSTRACT 


RESOURCE LEVELING 
IN OPERATIONAL PLANNING 
BY 
RICHARD STEPHEN MOOR: 


Submitted to the Department of Civil Engineering on 20 
January, 196), in partial fulfillment of the requirements 
for the degree of Master of Science. 


The Criticel Path Method of planning and scheduling 
operations attempts to arrive at a schedule of project ac- 
tivitios which results in the least cost. However, Cr 
does not consider manpower and machine requirements of the 
verious activities. Therefore, great fluctuations in the 
daily requirements for these diffcrent trades or resources 
may invalidate the cost information associated with a CPM 
schedule, Several methods have been devised to adjust 
the CPM schedule so that resource fluctuations and maximum 
resource requiroments are reduced. The ideal situation, 
however, is a constant level of resource useage which these 
methods do not obtain. 


This thesis outlines the basic principles of the Cri- 
tical Path Method and explains why resource considerations 
may be an overwhelming factor in arriving at an optimum 
project schedule. The verious resource scheduling and 
schecule adjustment methods are Gescribed which attenpt 
to solve the problem of resource fluctuations. The reasons 
for their lack of success are explained, the primary one 
being the assumption of constant activity crew size. A 
resource leveling techniause is presented which should maine 
tain a very nearly constant level of resource usage on most 
projects. And, finally, several suggestions are made for 
future work in the fiold of resource scheduling. 


Thesis Supervisor: Mr, John A. Curric 


Title: Lecturer in Civil ingineering 
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i 
INTRODUCTION 


Following the worldwide industrial revolution in the 
19th century, manufacturing and other industrial operations 
began to ve increasingly complicated. Large mechanized in- 
dustries developed and it became increasingly apparent that 
iong range planning was necessary to insure successful 
operations. Thus the onerational planner became an in- 
portant figure in all industrial organizations. In the 
construction industry, the success of any operation is 
eritically dependent on the judgement and accuracy of the 
planners anc estimators. However, until recent years, these 
planners were forced to rely on their experience and pro- 
fessional judgement in planning and scheduling operations. 

During World War II, the field of Operations Analysis 
developed using the basic principies of statistics and pro- 
pability to plan more effective military operations. Out 
of this came the realizetion that industrial projects could 
also be planned with more quantitative methods. Thus more 
interest developed in operational planning and inevitably 
several techniques were developed, 

In 1957, a technique of planning and scheduling projects 
Was introduced at I. du Pont de Nemours Company which came 


to be known as the Criticel Path Method. During the last 


—_ e-- = — @ — —_ 
| 
em, <n 2 ad 
a - 
aa => 
a > —> (a= 


ee) el 
a, eer hg S.S-=-- - 
. a ee 






cecade it has been developed by many others and several 
methods of solution have ween derived. At the same time 
avery similar method called PURT was developed by the 
U.S. Navy and was partially responsible for the completion 
of the Polaris Missile far ahead of expectations. In the 
last few years a series of computer programs have been 
written which calculate results formerly derived by nand. 
Thus, large projects can now be planned quickly and with 
littic effort the most profitable schedule is obtained. 
Today the Critical Path Method is widely used in manufac- 
turing and construction projects and is, in fact, required 
on all construction contracts with the U.S. Government. 
However, along with project planning ana scheduling 
came the problems of scheduling resource requirements. 
In this context the word “resource refers to the men and 
machines required by a project. For instance a construc- 
tion project may require carpenters, steelworkers, painters, 
cranes, steam shovels, and bulldozers. lLach one of these 
is a resource, "Resource requirements" or "resource usage" 
refers to the quantity of man-days or machine-days of a 
certain resource required by a project. The resource usage 
on one certein day refers te the number of men or machines 
required by the project on that day, This brings up the 


concept of resource leveling, While the overall resource 


requirements of a project cannot usually be changed, the 
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resouree usage on any particular day is quite variable. The 
object of resource leveling is to balance the resource re- 
quirements of a project over the length of the project so 
that the resouree usage on cach aay of the project is the 
Samé or very nearly so. In other words resource leveling 
tries to obtein a constant level of resouree usage over the 
Guration of a project. This must be done separately for 
eg@h resource required & the projett. It is reelized that 
such an absolute level of resource usege 

even desirable on most actual projects. However, it is the 
iceal and most economical situation and the goal for which 
any resource leveling technique skculd strive. It should 


be noted that resource leveling as cescribec in this paper 


which only seek to restrain Cceily resource usage below a 
ccrtain maxinun. 

The objeet of this thesis is to develop 4&4 mathemetiecal 
teehniyud for retouret leveling which ¢am b¢ tesily com 
puted by hanc or programmed for a digital computcr. in this 


Way it can be economically used on both largec and smell 


ue. 


rojects. The usefulliness of this technique will ve gertatly 


inereascd when it has been converted into an opirating conm- 
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: 
uter progirem. It is suggested vhat thie we the subject 
of a future thesis in this départment. 


thoce fenilier with the Critical Fath Mathed mey prefer 
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to omit reading the following section, possibly ceferring 
only to the diagrams which form a basis for those in 

other sections. Throughout this thesis the construction 
industry will be used in the illustrative examplics. How- 
ever, it is certainly hopec anc expected that with some 
small adaptive changes the technique presented could ve used 


for the manufacturing anc other industrial processes, 





If 
THK CRITICAL PATH M2 THOD 


In this section the Critical Path Method itself will 
be discussed. It should be understood that CPM will not 
be explained fully. It will only be discussed to the extent 
necessary to give the reader a background and insight into 
the problems which make a resource leveling technique nec- 
essary. For a more complete understanding of CPM the reader 
should familiarize himself with Lecture Notes on Critical 
Path Seheduling by J. Lloyd Cuteliffe. (1) 

CPM is divided into two phases - the planning phase and 
the scheduling phase. Basically the planning phase consists 
of breaking a project or operation down into activities. 

In a typical construction project an activity might be: 
"erect framework for second deck floor slab". The beginning 
and the end of an activity are known as events. Once the 
project is broken down as far as possible into separate 
activities, the activities and events are arranged in an 
arrow diagram. The arrow diagram illustrates which activities 
must be completed before others can vegin. Activities are 
represented by arrows and events by circles, The length 

on any arrow has no meaning, but care must be taken to insure 
that an arrow precceds or follows only those other arrows 


which it must. In other words, activities must proceed in 
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a logical sequence. Certain activities must be completed 
before others can begin and the arrow diagram must accu- 
rately reflect this. In many cases several activities may 
take place at the same time. In the diagram, events must 
be numbered so that every arrow ends at an event with a 
number greater than the number of the event at which it 
started. <A typical arrow diagram for part of a project is 
shown in Figure II-1 on the following page. 

For the scheduling phase it is necessary to determine 
cost information for each activity. For this purpose a 
time-cost curve is ceveloped for each activity. In general, 
if an activity is completed in a normal amount of time with 
an efficiently sized crew, it will require a certain rumber 
of manedays to complete and will have a certain cost ass- 
ociated with this. Since matcrial costs are constant re- 
gardless of activity duration (neglecting wastage) they 
are not considered in the CPM analysis. Therefore the ac- 
tivity cost is usually a direct multiple of the nunber of 
man-days required. This multiple, of course, varies with 
the wage rate of the men working but for rough purpose¢s 
can be assumed to be an average valus for all activities 
and trades. As an example, assume an activity normally re- 
quires 48 man-days to complete. An efficient-size crew may 
vary from 3 to 12 men. Therefore the activity may be con- 


pleted efficiently in a period of from 4 to 16 days. If 
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it is necessary to completo the job in 2 days it may take 

56 man-days and therefore a crew size of 28 men. The greater 
number of man-days are caused by the fact that 28 men cannot 
work efficiently on this activity, possibly because of lini- 
ted space, Assuming an average wage rate of $30.00/day/man, 
this activity would cost $1440.06 to complete in 4 to 16 days 
and $1680 to complete in 2 days. It is assumed that the 
activity cannot be comoleted in less than 2 cays. Assuming 

a linear relationship between 2 and 4 days the time-cost 
curve shown in Figure II-2 1s derived. It can be assumed 
that a crew of fewer than 3 men would either be impossible 

or inefficient. Therefore the cost of completing the activity 
in a duration of greater than 16 days would be either in- 
finite or some value gercater then $1440.00. Long durations 
such as this can be ignored since they would never be in- 
cluded in any least-cost sehedule anywey. Normally ina 

CPM analysis any duration longer than 4 days for this example 
activity would be neglected because the cost cennot be de- 
creased by lengthening the activity oeyond this point. 

The scheduling phase uses the arrow diagram and the time- 
cost curve for cach activity to produces a marginal time- 
cost curve for the entire project which may look like the 
diagram in Figure II-3. Again, straight line segments are 
drawn between calculated points, To the values of dircct 
cost obtained for each duration from this curve are added 


the indirect or overhead costs associated with this parti- 
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cular duration. The indirect costs can normally be consi- 
dered a constant cost per day anc therefore increase lin- 
early with curation. 

Figure II-+ shows a typical indirect cost curve and a 
curve which represents the sum of direct and indirect costs 
is shown in Figure II-5. The point on Figure II-5 at which 
total cost is a minimum is usually chosen as the optinum 
duration. The Critical Path Method, therefore, indicates 
that duration at which a project can be accomplished at 
least cost. However, if there is a previously specified 
completion time shorter than the optimum, this duravion must 
pe chosen instead, even though the total project cost will 
be greater, 

For each calculated completion time a schedule is also 
produced which csives the time of each svent necessary in 
orcer to complete the project in this duration. ‘The infor- 
mation produced for cach schedule is the scheduled duration 
of each activity, the earliest possible time of each event, 
the latest possible time of cach event, ang several other 
quantities known as floats. The arrow Giagram in Figure II-6 
dllustrates some of these quantitits, The numver over cach 
arrow is the scheduled duration of that activity. The number 
eireled neer cach svent is the carliest possible time of 


that cvent and the number inclosed in e square is the latest 
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pogelble time of that «event. ixamination of these quane 
tities should indleate how they ave Gerived., This is how 
the arrow dlagram might apnear with the final seheduli¢e ine 
fermation indicated om it. Th. project 1g assumed to scvart 
eat time a.ro and the completion time is the time of the final 
SVEUCe 

the fleal of an activity cun ba defined roughly as the 
ieeway allowavie in the seheduling of that activity. More 


Lael 


spetifically, coasidir the acilvity which is precesd & by 


td 


event 2 and follow d by event gj. af 


we. 
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® thg corlistst possible time of ivont i 
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= the Latest possibia tine of event 1 


cr 


e the Garliest possibis time of svent g 

= the latast possible time of avent j, anc 

= the sehuduled Curation of this activity iej; 

then the floats for this activity ean oe defined es fcllowss: 
TULA FLOAT «@ Ff ths t 4 ~ 3 

Chis ia the amowat of time that the activity can ve length 


— Ato 2 tients ; ee ein fp, 
onecG withowt changing the complction time of the project. 
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ohared wlth the prececing end the 
Toliowing activities. For example, tha totel float of ace 


tivity 4? in Figure 11-6 is 25 days. 
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This ig the siiount cf time that the ectivity can ce length 
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ened without changing the earliest possible starting times 
of the activities immediately following it. Part of this 
float may be shared by preceding activities, The free float 


of activity 4-7 of the examphe project is 3 days. 


E L 
INDUPLUDENT PLOAT = F&F +... t ,** 1¥ 
This is the amount of time that the activity can be icrrthe 


eneg without changing the earliest possible times of follow- 
ing activities or the latest possible times of the preceding 
activities. This float is not shared with eny other ecti- 
vities, Activity 4-7 has no independent float. The inde- 
pendent float of activity 5-8 is 7 Gays. 

Those activities which nossess no float are called cri- 
tical, They must be performed at the scheduled time in 
order that the project completion not be delayod. Ho lee- 
way is availavle for these activities. These activitics form 
a continuous path from the start to the ond of a project. 
Henee the term “critical path". In the arrow diagram of 
Figure 11-6, the critical path consists of the activitics 


1-3, 3- 5, 5- 6, and 6 ~ 6, 
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Lil 
THE RESOURCE PROBLEM 


To this point there has been no mention of resource 
usage oxcept in the development of the activity time-cost 
cormet In scheculing activities no consideration has been 
maac of the possibility of excessive resource require- 
ments due to simultaneous requirements by several activi- 
ties, Herein lies the mejor draWbeck of the Critical Fath 
Method as it presently oxists. kequirements for a parti- 
cular resource mey fluctuate radically from dey to day. A 
bar chart representation of the project diagranmed in rigure 
li-6 may illustrate this peint. Such e chart is shown in 
Figure lil-l, ‘the bar chart shows each activity reprosented 
by a bar beginning at ite oarliest possibis sterting time 
and continuing for the scheduled duration. Considor ene 
specific resource for the momont, for example cerpentors, 
The figures above each bar indicate possibie rogquirements 
for carpenters by that activity auring each dey of its 
duration. In this oxeamic it can be secon that 10 carpenters 
are neoded during the first 2 days, 13 the next cay, / the 
next, i5 on the fifth dey and so on. It is quite possible 
that on a larger project with more gimuitaneous activie 


ties, these fiuctuations could be much greater, When 
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other resources are brought into consideration it is obe 
vious that quite a serious situaticn can develop. because 

of the nature of the Critical Path Method, it is normal 

for several resources to have peak requirements at the 

same time. <Any businessman can sect that a situation like 
this is to be avoided at almost any cost. But es CPM exists 
now, there is very little that can be done. Certain attempts 
hav: been mede to kcep resource requirements below a cer- 
tain maximum limit and they will be explained in detail 

in the next section. 

There are several reasons for wanting to level re- 
source usage. The first one usualiy considcred is the limit 
of availability. Certainly, if one can only hire 10 car- 
penters, then something must be done to alter the schedule 
diagrammed in Figure III-l1. This is the factor most often 
considered in resource allocation methods but there are 
others wrich may be far more important in the long run, 
Suppose it is possible to hire a sufficient numver of car- 
penters for any requirements you might have. For the ex-~ 
ample problem you would hire 10 carpenters on the first 
day. On the third day you must hire 3 more. On the forth 
day you need only 7 of these. Here is the problem. Do 
you fire the othir 6 and hire them back plus 2 others on 


the fifth day? Or do you retain the extra 6 carpenters on 





the wayroll even though thers may be no work for them on 
the fourth doy? There is a cortain precessing, cost asso- 
el@tea with gach timé You hire or fire a man, Tot to Mer- 
taen tite payroll amd acoulrting profleMs wiieh Would Be 
Meomatcret with Pyemtent thenee in CEPsewhnol, Thealls 
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possible through the use of float adjustment methods, Sut 
not usually a constant level. Again, the bar chart can be 
use@ to illustrate this technique. In the exanple a great 
deal of float wes available for activities connecting events 
1, 4, 7 and & If activity 4-7 requiring 5 carpenters is 
delaycd until after the completion of activity 2-3 which 
requires &, then the maximum requiriment for carpenters 

is reduced from 15 to 10. Sse Fissure ITI-2 for an illus- 
tration of this change. This Gelay affects only one other 
activity. The carliest possible time of event 7 is now 
chenged from day 12 to day 16 and activity 7-8 must be 
delayed until this time However it is evident that the 
project completion is not delaved and direct costs for the 
project are in no way altered, 

Further use of float to alter activity starting times 
could oring maximum requirements ¢ven lower and possibly 
even wring the maximum fluctuation within one or two men. 
howev r it should be remembered that this is an extremely 
Sinple example and it is on larger projects with many more 
simultancous activities that this method has been obsirved 
to be ineffective in reducing fluctuations. The work of 
John R. brach which demonstrates this fact will be discussed 
in the following section. Also, only one resource has been 


considéercd, When several other resources are added to the 
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problem and when it is considered that in many projects, 
the amount of float available will be very limited, it is 
readily seen that the possibility of resource leveling by 
this method is, at best, very tenuous. 

Graphs of resouree usage versus time on the project 
might illustrate wetter what is desired in the way of ree 
source leveling. For the original schedule of the cxample 
problem the requirement curve for carpenters would look 
like that in Figure IITI-3. The area under this curve, of 
course, represents total carpsnter man-days required for 
the project. After adjustment of float on activitics 47 
and 7-8, the curve would appear as in Figure IJ1e+. For 
ideal resource leveling one would desire a curve for this 
project such as the one shown in Figure III-5. However, it 
is doubtful if this is possible on most nrojects and cer- 
tainly a fluctuation of cne or two men is not infeasible in 
a technique whire inout information is only an cducated 
estimate. Variations in worker productivity can cause changes 
on the job which completely obscure small fluctuations 
in resource scheduling. Also since fewer activities are 
normally in prorress during the several dzys at the de=- 
ginning and end of a project, resource requirements will 
usually ve lower a. these times. The resource réequiren nts 


of a large project weuld probably reach a peak sometime 
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nesr the half-way point in the compl:ition of the project. 
Therefore, a resoureé usaye curve such as the one shown in 
Pheure 11-6 might be perfeetly acecptable, Nowsever, a 
Constant lsvel is still the té.al situation, «ven though 

4% may not be achieved on many actuel projetts. the factors 
mintion ad avove ard merely restrictions inpos d on any 
resource luveling technique oy the projoct iteclf, 

It gheuld ce vencmbercd that the total carp -nter mane 
days required yor the project eomplicti.n is a constant. 
Therefore, the sereas und: r all four resource curves must 
be equal, This, of course, assumi.s that «fficicnt cune 
Gitions and constant productivity era maintain d. che only 
Situation to be strictly avolid:.d is thet in which large 
dips eceur in the middle of the eurve, This is the situe~ 
tion in which high ecst of reteining idl. personn:l can 
negate eny value wiieh a erlticeal path seh dule might 


otivirwise have, 
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Iv 
HAGVURCL SCLNULING KUTHODS 


Due to the spread of the Critical Path Method there 
has bean a grest dead of Interest in recent years in the 
resource scheduling problem, Hany of the same private 
conecrns which originally developed the Critical Path Method 
have attempted to find soluticns to this problem also. 
There is only limit -d information available concirning the 
majority of these solutions, duveral will be explained 
briefly in this séctions 

Resoured Planning and Seheduling Methods (KPSK) de- 
veloped by Mauchly Assoclates (3) 16 what is gonurelly re« 
ferrec to as a "serlal™ method. Activities cre renkud 
aceording to asesnding torminal event mumbcrs and then 
seheduled one ot a time, An activity ls scheduled at its 
cerliast povsible time unless a predetermined resource 
avellabliity limit is execsded in Going so. in this cese 
the activity is delay¢cd until such time as aif can be sched-~ 
wled without exeseding the sut limit, The method allows 
en activity to be split into soctions if the resource limit 
permits ites start but makes it necessary to delay part of 
the activity before ite Minish. A&A limit is imposed om the 


¢xtcnt to which an activity can ve celay ad. If an uctivity 





3M 


is delayed to this limit, it is seheduled at this re,ard- 
less of excess resource usage. It appears that all re- 
sources ere considered simultancously in this method and 
that usage of all resources must be below their respective 
limit in ord-r to sechecule an cetivity. A oasic CPM an- 
alysis is used initially to determine th- schedul.d dura-~ 
tion of -ach activity and th refore its daily resource usage. 
The reason for this is not clear. It would secm that since 
the schedule derived oy the Critical Path Methoc is made 
obsolute oy che resoures seheduling considereti:ns; that 
the activity duraticns given by the Critical Path Method 
might not be cptimum for the final schedule derived py HPSM. 
In other words, it would seem logical that the activity 
duration would be optimum only in the particuler schcdule 
for which they are derived and not in another schedule ob- 
tainnd oy aGéclaying a number of activitics. 

Resource Allocation and Multi-Projcct Scheduling (RAMPS) 
developed by =.I. du Pont de Nemours and Co. (+) and Job 
Leveling developed by W.C. Hillemeyer of the Cities Service 
Petroleum Company (5) are referred to as "parallel" methods. 
These methods, instead of scheduling one eetivity at a time, 
choose out of all those activities which can proceed at a 
certain tine, a group of activities which do not excecd re- 


source limlts. ‘this group is usually chosen so that the 





activities with the least total float are chosen first. The 
major drawback to this method is that thcre is no simple 
way to cetermine if this group so chosen leads to the ope 
timum solution. RAMPS attempts to solve this problem by 
testing many different combinations of activities for the 
chostn group. However, it would ve very impractical to 
try to test all possible combinations in a large project 
to cetermine which 1s optimum. RAMPS also allows splitting 
of activities as in RPSM and further considers the length- 
ening of activities when possible in order to obtain a 
lower caily resource usage. Job Leveling contains arother 
refinement in that it computes a revised total float for 
activities which may be delayed. This revised total float 
is used instead of the original float to choose that group 
of activitics which should preeced at a certain time, This 
refinement aids in obtaining a nearcr-optimum solution but 
there is still no assurance that the optimum is accomplished. 
Another and generally less effective method of reducing 
maximum resource usage wes used by J.R. Farmer in his CPS 
200 (6). This is what wes deseribed in the previous sec- 
tion as adjustment of float. The average usage level for 
each resource is computed anc floats are allocated among 
non-critical activities in an attempt to maintain resource 


usages as close to these averages as possible. ‘vent times 
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and floats are recalculated each time an ectivity is ad- 
justed and several complete runs through the entire pro- 
ject are usually required. 

J.D. Kidd in his CRS 333 (7) attempted to improve on 
the method used by Fermer,. ChS 333 first attempts to re- 
Guce the maximum resource useage to as low a level as pose 
sible oy the adjustment of floats. Thére are two iimits 
which the method tries to meet = a critical limit, above 
which resources are assumed to be unavailable, and a de- 
sired limit. If the critical limit is exceeded at any time 
after floats have been adjusted, an indication of this is 
given, The arrow dlagram can then be alt red, possibly 
lengthening the project or using another schedule given by 
the original CPM analysis. The allocation of floavs pro- 
evecs again as vefore and it may be necessary to reptat 
this process several times, In the 2nd it may be necessary 
to adjust the timesecost curve for the project to reflect 
the remaining rescurece fluctuations or exeess usege above 
the desired limit. 

In "An Applicetion of Resource Allocation Techniques", 
(8) John R. Brach describes certain tests that he made on 
Kidd's ChS 333. On the test project used, CHS 333 accon 
plisked a negligible amount of resource leveling which 


would indicate thet a gréect deal of diagrem revision would 
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be necessary on most projects before a satisfactory amount 
of resource leveling is accomplished. This revision would 
in most casés lengthen the project to an unacceptable ex- 
tent, thereby invalidating the whole technique. irach, 
however, suggests that CRS 333 might be applicable where 
resource limits are not very stringent. It would appear 
that a ¢Yr:at deal of available float is neécéssery to arrive 
at desirable results with this method. 

King Royer in "CPM vs. Cost Control" (9) makes several 
good suggestions. This article gives an excellent brief 
explanation of the resource problem and how it affects the 
Supervision on the job. It suggests that in ord«r to reduce 
maximum resource uscge, all events be scheduled at their 
carlicst possible time and all activiti's lingthened to 
make use of the then available float. This makes all ac- 
tivitics effectively critical on a time basis but usually 
reduccs resource usege below the criticel level of avail- 
ability. However, Royer goes furth r to suge st that the 
resource requirement of an activity can be considered a 
constant regardless of the duration assigned to the activity. 
In other words, he assumes that an activity will require, 
for example, 16 man-days whether it is done in 2 days with 
9 men or 9 days with 2 men. This assumption is not consi- 


dered valid in most cases. In this example 9 men may inter- 


fere with cach other to such an extent that 2 days are 
required for them to complete the activity. It can oe seen 
that Roy<r's assumption is contrery to the basic principles 
of the Critical Path Method ard though CPM is certainly 

not the last word, it can be assumed that it is reasonable 
in this mattcr, 

As previously mentioned, the major objection to ali the 
mtthods Giscussed is that they do not nectsserily level 
resource usage. All these techniques attempt to adjust the 
timés at which c réain activities ari in progress so as to 
reduce the maximum resource usage below a certain level and 
maintain it as close as possible to an average. The first of 
these foals is accomplished very «easily by most of these 
methods but results toward the second goal must .¢€ consi- 
dered unsatisfactary. At present, there docs tot s.em to 
be an available technique which allocates resources to ac- 
tiviti»s in such @ mannur as to maintain even a near-con- 


stant level of usage. 
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A RESOURCE LEVELING TiLCHNIOUL 


To this point, it has been assumed, apparently by 
everyone concerned with the resource allocation probdlon, 
that the numoor of non orployed on a cortain activi 
remain a constant througnout the duration of the ectivity. 
Theat is, the amount of oach resource requirod by an ec- 
tivity rust bo the seno for each day of the duration. If 
on activity requires 2h carpenter men-days for its con- 
pletion and its scheduled duration is l dase, thon the 
assumption hag been that 6 carpenters must be assigned to 


thig.activity during each of these i: days, Whilhe this 


~ 


constenmt crew size is a cesirable gool, it is usuelly not 
® very goed represent.tion of what actually takes place 
@n a job. There are a grvatl many fectoms which may malx 
it necessary to assign 7 carpenters ene day ind 5 the nex 
to the activity mentioned abcve, 

Comsicer how the men-cay requircments for ea perticu- 
bar activity ere derived, The besic knowlcdge from which 
to preceed ie the amount of whaterial to be placed, That 
is, it is known beforehand how rach framework is required 
for a certain floor slab end how much limber is nogquired 


to erect this framework. WNext, an estimate is made cf 
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productivity per man, that is, how much framework can be 
erected (lumbor placed) by one man in one day. This figure 
must necessarily be an average derived from oxperience and 
observation. When this second figure is civided into the — 
first, the number of carpenter man-days required by the 
activity is obtained. To obtain cost, tiis figure is mual- 
tiplied by tho wage rate for carpenters, to odtain average 
erew size, the number of maenedays is divided by the scne- 
Guled duration. However, this average crew size cannot of- 
ten be maintained. Suppose tne productivity of several of 
the carpenters is below the estimate. After tho activity 
has progressed for a few days and it is found that it is 
lagging behind schedule, it may be necessary to increase 
the crew size by one or two men for the last part of the ace 
tivity. The same situation may exist if a man is taken off 
the job by illness or accident. An accident could alse 
destroy paevt of the completed work. in cases like these 
it would be desirable to take mien of f of activities that 
are progcossing Well or aheau of schedule, and put them on 
the celayed activity so that it can bs completed on time, 
This has the effect of decreasing tno crow size of one 
activity and increasing that of anotner, 

For tnis reason it is felt that constant crew size 


Goes not need to be a strict assumption out should meroly 
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be a cosirable sim of any rosource allocation technique, 
This does not change tho fact that men-days required is 
still the basic quantity associated with any activity. Nor 
does it chenge the cost information which is irmmut infor- 
mation to the scheduling vhase of the Critical Vath Method, 
It rmst bo essumed, of course, that the crow sizo always 
remeins within the limits of en efficientesize crew for each 
activity. If the crew size is allowed to fluctuate outside 
these limits, the cost cf the activity will be increased 
accordingly. For this r6oason, activitios which ere critical 
must be considered severatoly, Critical ectivities usuclly 
heve a scheduled duration which requires e« crew size thet is 
eithor eauel to or croeter than the maxinum efficient crow 
pi2z6 for tho activity, Therefore, thse crew size of all cri« 
tioal activitios must be constan). in orcer not to increase 
tho inefficiency of ths crews and thereby increase coste, 
This usually vresents no problem since in most projocts only 
a relatively smoll percentage of the activities will be cri- 
tical in the optimum CPM schedule, 

With the assumption of verieble crew size, the problem 
of wesovrrce leveling i8 sreatiy reduced, The dbabie critical 
path anolvsis cen be used as = sterting point for resourco 
leveling as in some of the resource scheduling methods dess 


epiped Im the praseting tettien, Wt with nwmch fore Pucoess, 
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Mow, instoed of merely shifting activity times within emell 
limite in order to reduce resource conflicts, resources can 
be truly slloceted to setivities dey by dey in such a way 
as to mointein a constant level of usages, in this section 
a techmicue will be described which ottermmts to nccomlish 
thice 

As previcusly mentioned, the primary purpose of this 
technique ie to maintein a conatent level of requirement for 
each pesource throughout the entire durction of the project. 
Secondarily, it is derireblie to maintain a feirly constant 
Levol of resource usege for ench activity throuchout ite 
Guroation, SBasicelly, the method eterty with the reeulta of 
the COriticel Peth method. A perticulear duration ig aelected 
(usually tho one leading to the leant total project cost) end 
the schedule nesociated with this duration 1a analyzed. All 
eriticel ostivities hnve eniy one nexsible duration because 
they cannot be lonethened without deleying the project com- 
PLetion., The nonmecritical activities ail heve varying 
gmnounts of float, In this method, all évents are scheduied 
at their seriiest vossible time end each activity is Length- 
ened to last the entire tino between its termineting events. 
het 18, e223 eritisel or “ercshed” activities ere left at 
thelr sehedvled duration and ell nonecriticoel activities are 


extended by the amount of their free flosct,. This has the 
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effect of filling in time gays in the project and making all 
activities effectively critical. Now a separate bar chart 

of the project is constructed for each resource to be leveled 
whicn incsudes ell those activitios in the projoct wnich 
require this resourco, Under the bar ropresenting an ac- 
tivity is written the totel numpcr of iten-days or Inachine-~ 
ceys of this resource requircd to cormlete this activity. 

Tne bar chart of carpenter requirements for the sexerpie 

vro ject discussed in section Iii is shown on the next pase. 


This is of course for the original schodule without any cd- 


™ 


justmoents of the ecrliest possible event times, It can be 
seen thav thoss activities roquiring no cerpenters aro not 
included, 

The totel numbor of man-ceys or machine-days of the 
particular resource required for completion of the project 
i& now Giviced bs; tne total length» of the project. Tho 
result, rounded to tne noxmt higher integer is the desired 
levol of usage for tais resource to be maintained through- 
out the projoct. In the emanmble, a total of .c2l carpenter 
man-days are required for the LO day projoct. This indi- 
cates that a daily requirement of 5 carpenters is to be 
desired, Therefore, the problem is still one of converting 
ausaee plot such as Figure Iiil-3 into one similar to Vigure 


iite5. the outicok ic now feirly opbimbetic, however, 
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The object is now to assign man-day (or machine day) 
units of the particular resource under consideration to all 
activities in progress on a certain day. Assignment begins 
with the first dav and continues day by day to the end of the 
project. The basic restraint is that the total mumber of 
units assigned for a particular day should not oxceed the 
Gesired resource level. AS mentioned ocarlior, it should also 
be kept in mind that the number of units of a resource ase 
signed to a particular activity should always be within the 
limits of an erficiently sized crew for that activity. Other- 
wise the cost of this activity will be increased and the 
total man=-days figure associated with this activity will be 
incorrect. For this reason the units of resource usage should 
be assigned to critical activitios first. Since these ace 
tivities cannot be lengthened and since any increase in crew 
size will increase their cost, critical activities have only 
one possible crew size and therefore only one possibility 
for resource unit assignment. In the oxamle, activities 
5=6 and 686 are the only critical activities which require 
carpenters. Activity 5-6 requires 12 carpenter manedays and 
lasts 3 days, Therefore, lh carpenters must be assigned to 
this activity for each day of its duration. Similarly 2 
carpenters must be assigned to activity 688 for each day of 


its duration. These assignments can be seen in Figure Vel 


written above the bars ropresenting those activities, Once 
all critical activitios have been assigned resource units, 
assigmnent then starts at the first day of the project and 
proceeds day-by-day as follows: For each day a quota is com- 
paved for cach activity in progress on that day. The quota 
is derived by dividing the required man=days remaining to be 
assicned to the activity be the remaining lenreth of the ace 
tivity in davrs, Beginning with the activity which terninetes 
earlicst and proceeding in order of increasing terminating 
event timo, each activity in progress is assigned a number of 
resource units equal to its quota rounded to the noxt higher 
intezer. This assignment proceeds for each day until tne de- 
sired resource level for the project is obtained, The final 
activity for a particular day to be assigned resource units 
may have to be assigned less that its quota in order for the 
total assigned units to be exactly equal to the desired level. 
Bowever, it should be kept in mind that an activity is never 
assigned less tnan its minimum efficient crew, Of course, 
many ectivities may havo no strict minimum for an officient 
crew. iyhen the desired resource level is reachsd by as-~ 
signing less than an efficientiy sized crow to an activity, 
the ectivity is assigned either no units or the mininun 
efficient crew, whichever brings the total units for that 


dey closest to tho desired level. If both auantitiosc are 
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equally distant from the desired level the greater is chosen, 
Theat is, the minimum efficient crew is assigned to the ac-= 
tivity, even though it may cause the total units for thet 

dar to be sreater than the desired level, Table V-l shows 
tho limits of erfrPcient carpenttr crew sites for ectivities 
in the omex~ple project. 

if the desired resource level is not réached by aseignuing 
its guotea to cach activity in progress, then the remeining 
units meécsc to obtain the desived lovel are diviried ecually 
between all activities in progress, uny remainder being ase 
signed to the activity witn the largest gucta. If the quotas 
of soveral activities are equal, the units are assigned to 
the one with the croatest total resource requirements. Again, 
care should be taken not to exceed the maximm efficient crew 
size on any activity. If the quota for an activity on a cers= 
tein day is rreeter than the desired resource level, a cneck 
is made to sec if the temnineting event of the activity can 
be deloyed, If so, tne total required man-days romaining to 
b® fasicned to ail activities ending et this event is divided 
by the desired resource level. ‘Tho event is delayed to the 
point where the mmber of days romaining in these activities 
43 ecusi to the quotient obtained by this division, thereby 
using more of the total float of the activities concerned, 


if vhe terminating, cvent cannot be celayed, tne quota is 
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assignod to the activity at its present length and certain 
changes made later which will be explained. If at any time 
the quote of an activity bocomes exactly cqual to or greater 
then the maximum efficlently-sized crew, this activity is 
considered critical and must be essigned its quota for the 
rest of its duration. In the daily assigning of units it 
mey be found that several activities have tne same termi- 
nation day. In this case the activity with the smallost 
quota takes precedence and assignment proceeds in order of 
ascending quote, Figure V-2 shows the exaemle project after 
it has been completely assigned. Activity 7-8 of this dia- 
gram illustratos a frequent occurance of this method. This 
activity reauires 18 carpenter men-days. Howevor, when one 
arrives at day 28 an assigmuent of the remeining one man 
would oe below tho efficient crew size, Thorefcre, the 
minimum efficient crow must be assigned even though it ine 
ereases the total man-days for this activity and for the 
entire pro ject. 

After the entire project has becn assigned, it may be 
Gesireble to chanse cortain factors and run through the pro- 
cedure a second time. For instance if an activity had to be 
assif¢ned a Low menber of units over e groat deal of its 
leoneth because of simultansous varly-terminating activities, 


tt might be left et the end of its duration with an extremely 
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high quota and no possibility of lengthening. In this case 
it would be well to raise the desirable resource level over 
a certein range in order to spread out the rocquired man- 
days over the length of the activity. This could be done 
by considering ail activities which terminate with or be- 
fore the troublesome activity to be a seperate project from 
those following and compute two senvarate desired resource 
levels. In that case the range of the desived resource le- 
vels would be from the beginning of the project te the 
event which terminetes the troublesomo activity end from this 
event to the project end. All critical activities which 
Span over this division of renges would heve to ve split for 
wna pi®pose, The pert which liws in seach renee would heave 
to bes considered with its respective range, 

fmothner changé Which might be desirsbie in a zgecond run 
is Uifferent evett times. in the exeiple it is seen Chat 
se@veral activitics& are effectively split into two activi- 
ties, Yhoro is a peried of dé@rys during the activity in 
Which ho units of resource could be atsipned to the activity. 
A splitting like this which leaves dh activity dormeht for 
SOvGral days tay bo undesirable, tor this reason it may 
be wise to dolay the etarting timo of an activity until it 
cen be compisted in ont combinveus strite of dare, Thie if8 
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over woek-encs as a normal practico and a few days longer 
would make little difference, In otner casos it might be 
desireable to change the limits of the efficient-size crow 
On Portain activitiése in order to get a mor® cofetent crew 
22%, The voper limit 6f an éfficient=kiee crew is, in 
general, ee feirly flexible value and may often be incressed 
a3 well as decrocesd. Im Pigure V-3 18 shown the ecsaign= 
mant for the exartplie project after tre following chengee 
are made: Activity l=, is delayed until day 2 thus delaying 
event | until cey ly Activity 1-7 is delayod until day hl. 
These delays heave the effect of makinr activities 1-7 ard 
he? scortinuous. Activity 7-8 1s also made continuovws by the 
meceseary deley of overt 7 to day el. Vhe resource recuires 
went curve for titiis seMedule emd the resulting carpenter 
unit assipnments is shown in Figure Vel. 

gometimes one aetienment run mey be surficrent cmd at 
times it mey ve desirable to repeat the precess three or 
were Uimes tc determine the effect of certain changes Howe 
ever, im most essere the necessary changées can be readily 
cotermined by inspeetion of the first run ond only one more 
Will be required to obtein the desired leveling. Sone 
smell chances in essiprnents mey etill be desireble after 
time second mm bet they ean be made to the individwal ove 


tivities witheut neeestiteting an emtire third run JIT may 
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be possible to ievel out some of the smell fluctuations seen 
in Pigure V-l in this manner, 

it is necessary to repeat this entire process for each 
eritical resource, However, after the first resource has 
been essigned, tne event times cannot be chonged. They are 
fixed at the final veluo they were siven in the assigrment 
runs for the first resource considered, For this reason the 
first resource must bo carefully chosen, Usually ons re~ 
source is obviously most critical, hither the availability 
of this resource is sharoly limited or the original require} 
ments of the project fluctuste wildly. Fossibly it is the ree 
source with the largest total requirement for the project. 

If no single resource is obviously most critical thon the 
first resource te be essigned can be chosen at random from 
those with the larrest requirements in terms of total pro- 
jeet man=deyes, 

From inspection of thre exermle problem it would not seem 
that this method is very effective, For e vroject as small as 
this is, there is still a relatively largee smount of resource 
fluctuation. The fluctuation, though, would be of the same 
megritude rererdiess of the project size, Therefore, on 
lerrer projocts the method woule appear mich more effective 
because the fluctuations would not be as obvious, A gereral 


flow diagram of the entire techniove is shown in Figure Ve5, 
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VI 
OTHER POSSIBLE TECHRIOUES 


In the process of deriving the technique of resource 
leveling, discussed in the previous section many possible 
scnemes were tried, In this soction some of the more 
promising of these will be discussed es well as some ideas 
to be kept in mind by anyone interested in the rosource 
problem, It is hoped thet pernaps some of these idoas 
could form 2 basis for other and possibis vetter techniques 
of resource leveling. 

Ono possiblo addition to the technique presented would 
be the corpiutation of a daily project quota. iinat is, for 
each day, the nunbor of resource units remelning to be as« 
signed to the entire project would be divided by the re- 


* 


maining leneth of the project. The figure obtained would 
then be used as a rpovised desired resource lovel, Initially 
the project quota would be equal to the original desired 
resource level. Ecwover, if it 1s necessary to cxceed the 
@esired rosource level as in days lt to @ cf the exeamole 
project, the project quota may ceocrease in the remelning 
days of the project, Using the daily project quota as the 


desired resource usage level would climinnatse tne sherp drop 


seen at tne erd of the project in #lgure V=l. 
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The following revision could bo made in the day-by- 
day assigmaont of resource units to activities. Instead 
of assigning each activity its quota and possibly reaching 
the cesired resource level before all activities have been 
assigned units, the units available coiid Ls assigned to 
ail activities in progrcss in a ratio proportional to the 
quota of each activity. in this manner ail activities in 
progress would be assigned some resource units, even though 
it may not be as great a nmuuwer as the quota, in this case 
some method would be necessary to climinute the assignment 
of non-intogral values, 

another possibility is to use ea technique, such as 
Kidd's 333, te adjust event times before beginning to 
assign resource units to the activities, “or the purpese 
of adjusting event times to make optimum use of floats, a 
constant crew size would have to be assumed for each activity. 
However, after the optimum event times are set, assignment 
of regource units could procecd as in the technique of SGace 
tion V. 

So far, these techniques all make uso of a basic cri- 
tical path schedule, frerhaps the Critical Fath method 
could be ignored and a technique devised which determines 
en optimum schedulo on tue basis of level resource usage. 


One could begin with an arrow dlagran similar to that in 
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the Critical Fath Metnod, Then instead of constructing 

& cost-time curve, a curve of resource usage versus time 
could be detorriined for each activity. This curve would be 
very siitiler to the time-cost curve in most imetances, Lowever, 
thore would be some iswertent diltforences. In tae eowe of 
the timne-cost curve a constant or average crew cise must 

be essuimec for @ach cetivity, Tt is tee yvoimt where tas 
average VulLUS beeones @PGuter Leen tae maninum effieLemt 

Gmew cia thea. igo cest of «an activity begims to pists 
However, as shown in FPigute ilec, only a few Dimite yoints 
ame actually computed end stbaight Linc segmunts ave asswaed 
between tiese points. in this manner the «swFve is combinvous 
ling segMentew This is, at boeti, en inacetu- 


1 ae “4 
in wtraion 


~ 


Pate daawptliom, Condider the flat pertion cf tie curve 
Where Lo meieaays ate requirad to complete this «:tivity. 
This astivity can be completed in 0 days with © men or 
Wem Oub 4t cennot be comucted et any time 
beot¥@on vméte tilo duretions using cc tonstenl sised créu, 
Tiereicce, ib might >be nagemod in any £0st@tins curre oF 
Pogourss uséke-tiews curto that thé se subves af 8 not. evnti-~ 
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Duos Sut fnatead ¢ 
Pussstts Vest wich. 4 carve weet be @ sohtis@ous byrperbole, 
This Lmddéeatcos that an wetvivity woul be lepawhtmed Linde t age 


ataly ahi thet tho cost of Mawpowser Seguared would Nevneeape 





comeimdieusiy a2 Uns activity if lehgthere@é. This ig, of 
courss, completely unrealistic gince manpower can decrease 
Oniy in finite integral steps. Aiso, thers bre &Tinite 


a a2 i - % 14 i) = a ¥ 5 4 y ~ act 2 Je 
wasxigemt and minimum 2amie@s on tee 1@neto of amy aeB vary. 


im additigit, ca his been provioussy Btetes, the cost of an 
aetivicy will b¢pin to increase At Unrvascnabiy heme durations. 


Using « plot of resource useage yorsus thee for Gath 
@Stivity, a process Bimlioe to th@ Critical Path Betmod 
ecuda be followed te cbtein a echoaule which is ¢pvilinm: 
imom the point of view of resoure®’ LeweiLiag, veast soet 
would De a eeconuaty ccmo@ern Gnc would folho® noewmiezclly opeh 
® Lew@sct resource usage schedule becene® ol’ the besic dee 
penegenes oi wost on revouree vusese. ijAt ome point ctirarlons 
Longer timan tuese obtelmablie wit. an cilicienily sited crew 
Were vOnsidered, it Wak Telit that ome Wight initualiy sgart 
at the lemgest possibile duration for cach activity. owe 
yer; Cae tong dureticmus were let@r disveartied voeates thoy 
woulll require grsever Mamipower am tasrefort greeter cose 


then come shorter durations for the seme activity. fer whis 
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diagram is drawn as in the Critical rath Metnod. Then a 
plot of resource usage versus duration is constructed Yor 
eacn activity, consisting of isolated points. The greatost 
duration on this plot is that one corresponding to tne min- 
imum efficiently sized crew. Then, using this greatest 
duration as tho scheduled duration for each activity, a 
schedule is derived. This is the base schectuls from which 
the process now proceeds. fYror this schedule, a resource 
usace curve is constructed for the most critical resource, 
In this method only one resource can be leveled and there-~- 
fore it is best for projects with only one critical resource, 
All activities are now using the minimum efficiently sized 
crew throughout their duration and constant crew sizes will 
be used for all activity durations in this method. This is 
why only certain isolated durations may be used for eacn 
activity. when the resource usage curve is constructed it 
is enclosed in an envelope, The curve and its envelope 
might aprear as shown in Pigure VI <1. The envelope is 
shown as a dotted lino. The aroca under the onvelope indi- 
cates the resource reavirement of the project if a con= 
stant level is to be mointained throughout. This first curve 
shows 02 groat ceal of unused rosourco if this level is maing 
tained. However, now using a method sinilar to those used 


3n the Critical Path Method, the projoct is shortened in steps 


) = 
—s _ = 
} 
=> — 
‘ ° 
® = = @ 
ee 





=e, 


i ee ape “as TY BIG OM, CE A wR POSE. Ht Pe ET Va. eee 


| 
' 


{ 


| 


FEET SO OER FN, 


f 
{ 


ee — —~— iy ee Cece — _—— Ree eee — 


Te OHNO] A 


-, +9 a 
Wa LOPLORS 








! 
} 
b 


[00D en clr cee ee 8 rere = 


Se ae ee ey eee 


ae. fy 
a rere eee Se eee 4 —_ © 


a Sas a) 


—_ - 


— ——_ _—ens ~ — — < ——— eee ee --— 


kale aoa P , 
S4OT FNMA She seen SIN SL sii 


Ge eee ee ee ee NG EI te Oe re een > we ~ lw. 
’ 


“et Re 


= « (= —_ . 
a Gata =. = é 





. ~ a9A34 3 


3 
a 


a eo om v + = o ald 





—_— TE gg Seer Te we a Ge. gg CE SE —— ae 


CT ee I EST “Tem RD Ee RS EY SEEN OE TES Dee Lie Le SET 1 OE ar OT ee Emer = 4 . 


—eags oan or ore Ee -—— Bewrsee o — oe -_ 


wen or 


PdO TIAN 


a tT ete oe 
exe I wees gee 
————— TT 


mS a ee 


_ 


eae + ee 
— meee FER TT ae OO . 


a. 


SE, — ~~ p= — — le 


59’ Sy ZTDCAvVLE Gs 


= 
ma 
La 
. 
we 
v 


| nen AE Ee 
. 
\ 
roy 


: 
mw: 


-_ 


Cy 4 3 


T< 


—) 





bO, 


by shortening ectivities on the critical path, ‘fhe cri- 
terla for choosing which aetivity to shorten first will 

ave to ove established. ach time the project 1s shor- 
tened, anotner resource usage curve is drawn and enclosed 
with en envelope, This process is continued as long as the 
area under the envelope continues to decrease, The area 
under the resource usece curve should remain practically 
constant or begin to increase slightly, but the area under 
the envelope chould decrease, The maximum resource level 
of the envolope may incroase as the project duration de- 
creases, however, Fipure Viee shows a possible curve and 
envelope after shortening the project by a few steps, when 
the minimum area under the envelone is obtained, the process 
is complete and the schedule obtained at this point is 
considered cptimun. This process ceuld be refined more by 
adqding a maxirmen limit on the resource lovel attained by 
the envelone or by the addition of a method to level small 


fluctuations in the resource usarée curve, 
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Vis 
CONCLUSION 


Hothods of operational planning have advanced steadily 
for the lart several decaées, Towever, it is only recently 
thet amy serious work has been cone in the problem aréa cf 
Pesource or manpower scheduling, “ven now, most methocs of 

sciving tris problem have proven unsuccessful, It would 
Soc dy in Petroepect, that Tho Peesgor Tor Talis geek of 
guccose is cue to just one Pactor - the absummtion that adé 
CAVLty orev Mikes Past Pomaln cOneten’. This astwwvick 
mony oe ciscar@eu fh Gtr to sevoOmp 1 HSM ant reksonebic 
aot of pésourme Loveling, The ¢4ttel technique pre-e 


e0etea in scttion V of this pever if fairly erbitraery~ Onée 


Ch asstrmtion of verithble 4rew sizes is &lloweu, a wide 
Pioks Of postibiilty Goer’ upy Kepevrcoe camnow we Sli 
cated to cetivitios wren possible and néetenasary where pre- 
Viously only small adjustments in ectivity times wore pos- 
£15.58, 

Tne techrniaue preaentod in section V would appear to 
be fairly successful in leveling resources for the example 
project, Virure Vel: sives good incicatiorn of this, low- 
over, more information wes ovtained by testing this mothod 


On an ectual project. “Ke project uset was Ghe construction 





of a small three floor apartment building. Tne project had 
68 events and 10l activities, On a project such es this 
which is relatively small in comparison to moct construc- 
tion projects, the technicuo encounterec one serious cirfi- 
eulty. itv was Found that e frest numver of the activities 
in this project were critics) ana thet vo resourco was re= 
quired continuously throughout the project, Ynorerore, Tew 
activitics could be lengthened ang gsreot gans existed in 
all the resou'ece curves where none of this resource was res 
quired On a projoct such as thiss the teehnique kas Little 
value. In fect, any of tho nethods dcescribed in section. IV 
would meet with approximately the same depree of success. 
Possibly a combination of a float adjustment motnod and the 
Leveling technicue would gain the best results. 

in spito of a laek of Gucetess on this specific small 
pvo ject; it is still felt that the techniaue woula be ox= 
trpemely effective on most wrojectsy porticulerly those of 
lerser Sige. in order to test tne technique on larger prdé=- 
jects, it must be converted into an operating computer pro- 
gerem,. The method wes cevyeloped with this fact in mind. For 
this reason cortain techniques were weed to make it oesily 
adevteable to cormuter logic. It is honed thet in the noéar 


future, thse method will be srowr~anred for computer solution, 


thereby gveatiy inivoesing Ite value, In the process 
of preégaring the cemputer pregran, certain vefinements, 
imeludins score sumrested in gestion VI, could be inclu 
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